Heat generation in Aircraft tires under yawed rolling conditions by Clark, Samuel K. & Dodge, Richard N.
NASA Contractor Report 4080 
Heat Generation in Aircraft Tires 
Under Yawed Rolling Conditions 
Richard N. Dodge and Samuel K. Clark 
GRANT NSG-1607 
JULY 1987 
https://ntrs.nasa.gov/search.jsp?R=19870016170 2020-03-20T10:53:40+00:00Z
NASA Contractor Report 4080 
Heat Generation in Aircraft Tires 
Under Yawed Rolling Conditions 
Richard N. Dodge and Samuel K. Clark 
The University of Michigan 
Ann Arbor, Michigan 
Prepared for 
Langley Research Center 
under Grant NSG- 1607 
l National Aeronautics 
I and Space Administration 
I Scientific and, Technical 
Information Office 
1987 
I 
i 
SYMBOLS 
d t i re  diameter 
K founda t ion  s t i f f n e s s  
R p a t c h  l e n g t h  
p p r e s s u r e  
q rate of heat release pe r  u n i t  volume 
T s t r i n g  t e n s i o n  
w t i re  w i d t h  
W work done 
Greek  Letters 
a yaw a n g l e  
series coef f ic ien t  
6 d e f l e c t i o n  
rl f r a c t i o n a l  p a r t  of lateral  s h i f t  
T shear stress 
p f r i c t i o n  c o e f f i c i e n t  
S u b s c r i p t s  
L inboard  side of t i r e  
R ou tboa rd  side of t i re  
o i n i t i a l  
y l a t e ra l  
z v e r t i c a l  
INTRODUCTION 
An a n a l y t i c a l  t h e o r y  a l lowing  t h e  c a l c u l a t i o n  o f  i n t e r n a l  
t empera tu re  i n  f r e e - r o l l i n g  a i r c r a f t  t i res  has  been d e s c r i b e d  
p r e v i o u s l y  i n  ref.  [ll. That  theory was based  on e s t i m a t i n g  
t h e  stress changes i n  v a r i o u s  p o r t i o n s  of a t i r e  as  each  
p o r t i o n  r o l l e d  through t h e  c o n t a c t  pa tch ,  and t h e n  u s i n g  
t h o s e  changes t o  estimate t h e  corresponding ra te  of h e a t  
release from known loss  p r o p e r t i e s  of t h e  materials used i n  
t i r e  c o n s t r u c t i o n .  The stress changes w e r e  o b t a i n e d  by treat-  
i n g  t h e  t i r e  as  a s h e l l  s t r u c t u r e .  Comparisons o f  c a l c u l a t i o n s  
us ing  t h i s  t heo ry  w i t h  exper imenta l  d a t a  taken  from thermo- 
coup les  imbedded i n  t y p i c a l  a i r c r a f t  t ires showed g e n e r a l l y  
good agreement.  
An e x t e n s i o n  of t h i s  work to t h e  case o f  t h e  t i r e  under 
b rak ing  c o n d i t i o n s  has  been descr ibed  i n  a subsequent  r e p o r t ,  
r e f .  [ 2 ] .  That  t h e o r y  w a s  based on t h e  power loss  due t o  
h y s t e r e t i c  losses i n  t h e  t i r e  m a t e r i a l s  caused by stress 
c y c l i n g .  
t h i s  t h e o r y  and d a t a  t aken  on instrumented a i r c r a f t  t i res 
under braked  r o l l i n g  c o n d i t i o n s .  
Comparisons w e r e  aga in  made between p r e d i c t i o n s  u s i n g  
The p r e s e n t  r e p o r t  r e p r e s e n t s  an e x t e n s i o n  of  t h e s e  t w o  
effor ts  to  t h e c a s e  of  t h e  t i re  under yawed r o l l i n g  c o n d i t i o n s .  
I t  is  shown t h a t  t h e r e  are several mechanisms c o n t r i b u t i n g  
t o  stress changes i n  bo th  t h e  t r e a d  and s i d e w a l l  r e g i o n s  d u r i n g  
c o r n e r i n g  of a t i re .  These stress changes are used t o  estimate 
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t h e  rate of h e a t  g e n e r a t i o n  a t  each  p o i n t  i n  t h e  t i re .  
Th i s  r e p o r t  p r e s e n t s  an  a n a l y t i c a l  background f o r  t h e  cal- 
c u i a t i o n  of t h e s e  cnanges and t h e  subsequent  h e a t  gene ra t ed .  
Comparisons are a g a i n  made between p r e d i c t i o n s  us ing  t h i s  
a n a l y s i s  and d a t a  t aken  on ins t rumented  a i r c r a f t  t i res.  
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ANALYTICAL DEVELOPMENT 
I n  r e f .  [l] a method has  been developed f o r  c a l c u l a t i n g  
t h e  i n t e r n a l  tempera ture  d i s t r i b u t i o n  i n  an  a i r c r a f t  t i r e  
w h i l e  f r e e  r o l l i n g  under load .  The method u s e s  an  approxi -  
m a t e  stress a n a l y s i s  of  each p o i n t  i n  t h e  t i r e  a s  it r o l l s  
through t h e  c o n t a c t  pa t ch ,  and f r o m  t h i s  stress change t h e  
mechanical  work done on each volume element  may be o b t a i n e d  
and conve r t ed  i n t o  a h e a t  release r a t e  th rough a knowledge 
of material  c h a r a c t e r i s t i c s .  The tire c r o s s - s e c t i o n  is t h e n  
cons ide red  as  a body w i t h  i n t e r n a l  h e a t  g e n e r a t i o n ,  and t h e  
h e a t  d i f f u s i o n  equa t ion  i s  s o l v e d  numerical ly  w i t h  a p p r o p r i a t e  
boundary c o n d i t i o n s  a t  t h e  t i r e  s u r f a c e .  
The e x t e n s i o n  of  t h i s  a n a l y s i s  t o  t h e  a i r c r a f t  t i r e  
under yawed r o l l i n g  c o n d i t i o n s  is  based on t h e  s a m e  major 
assumptions used f o r  t h e  f r e e  r o l l i n g  t i r e ,  mainly t h a t  t h e  
change i n  s t r a i n  i s  based on 
( a )  The f a c t  t h a t  t h e  t i r e  i s  made up of  a series o f  
material p o i n t s ,  each of which undergoes a change 
i n  stress s ta te  as  it moves from A t o  B as shown 
i n  F i g u r e  1, and 
( b )  t h a t  i n  c a l c u l a t i n g  t h e  s t r a i n  energy  a t  e i t h e r  
p o i n t  A o r  B,  t h e  c ros s - sec t ion  of t h e  t i r e  may b e  
r e p r e s e n t e d  g e o m e t r i c a l l y  by i t s  n e u t r a l  a x i s ,  
around which ac t  bo th  membrane and bending s t r a i n s .  
I n  t h e  p r e s e n t  a n a l y s i s  t h e  po r t ion  of t h e  t i r e  t r e a d  
i n  c o n t a c t  w i t h  t h e  runway or  drum s u r f a c e  i s  assumed t o  t a k e  
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F i g .  1. Extreme p o i n t s  o f  stress excur s ion  i n  a t i r e .  
Deflected, unyawed 
Inflated, undeflected 
- 
(INBOARD) 
Fig .  2 .  A s s u m e d  geometry, b e f o r e  and a f t e r  deformat ion .  
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t he  c u r v a t u r e  of t h a t  s u r f a c e ,  while  t h e  s i d e w a l l  o u t  of 
c o n t a c t  i s  approximated by u s i n g  a segment of a c i r c u l a r  
arc.  However, u n l i k e  t h e  free r o l l i n g  case, t h e  yawed 
r o l l i n g  c o n d i t i o n s  g e n e r a t e  a mer id i ana l  c r o s s - s e c t i o n  
which i s  no longe r  symmetrical i n  the  deformed s ta te  a t  
p o s i t i o n  B. T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  2 where it is  
no ted  t h a t  "Outboard o r  (+ ) "  side of the  t i r e  refers t o  t h e  
r i g h t  s i d e  as  viewed from t h e  f r o n t ,  assuming t h e  t i r e  i s  
r o l l i n g  o u t  of t h e  page and has  been yawed t o  t h e  r i g h t  
( c o u n t e r c l x k w i s e  yaw a n g l e  as viewed from above) .  
Heat g e n e r a t i o n  i n  t h e  t ire dur ing  c o r n e r i n g  arises i n  
three ways: 
(a )  H e a t  g e n e r a t e d  from c y c l i c  stress changes as  
d e s c r i b e d  i n  r e f .  [l]. These changes w i l l  be d i f f e r e n t  f o r  
t h e  inboa rd  and ou tboa rd  r e g i o n  of t h e  c r o s s - s e c t i o n  due t o  
t h e  unsymmetrical  geometry changes. 
I 
I 
I 
I 
I 
1 
(b) H e a t  g e n e r a t e d  a t  t he  i n t e r f a c e  between t h e  t i re  
! 
and runway due t o  p h y s i c a l  s l i d i n g  of t h e  tread rubbe r  a g a i n s t  
t h e  runway. A f r a c t i o n  o f  t h i s  heat  f lows i n t o  t h e  t r e a d  
s u r f a c e  and a f r a c t i o n  i n t o  t h e  runway. 
t 
(c) H e a t  g e n e r a t e d  i n  t h e  t r e a d  e lements  due t o  c y c l i c  
s h e a r  forces. 
Each of  t h e s e  forms w i l l  be  analyzed i n  o r d e r .  
The d e t a i l e d  d e s c r i p t i o n  of t h e  h e a t  g e n e r a t e d  from c y c l i c  I 
I stress changes i n  r e f .  [l] r e q u i r e s  t h e  d e t e r m i n a t i o n  of  t h e  
c u r v a t u r e  of t h e  m e r i d i a n a l  c r o s s - s e c t i o n  a t  p o s i t i o n s  A and B of 
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F i g u r e  1. The i d e a l i z e d  c r o s s - s e c t i o n  a t  p o s i t i o n  A i s  
r ep resen ted  by t h e  arcs OLAL,ALAR,AROR. These are  assumed 
t o  be  segments of c i r c u l a r  arcs as  d i s c u s s e d  i n  Appendix B 
of re f .  [l]. The i d e a l i z e d  c r o s s - s e c t i o n  a t  p o s i t i o n  B can  
be envis ioned  as  a symmetr ica l  unyawed d e f l e c t i o n  r e p r e s e n t e d  
by arcs OLBL,BLBR,BROR fo l lowd by an  unsymmetr ical  l a t e r a l  s h i f t  
due t o  t h e  c o r n e r i n g  a c t i o n .  Th i s  i s  r e p r e s e n t e d  by OLCL, CLCR, 
‘ROR. 
The c a l c u l a t i o n  of t h i s  f i n a l  geometry r e q u i r e s  t h e  
de te rmina t ion  of t h e  p o i n t s  CL and CR from t h e  v e r t i c a l  d e f l e c -  
t i o n  6 z  and t h e  yaw a n g l e  a .  
of CL and CR is :  
Refe r r ing  t o  F igure  2 ,  t h e  o r d i n a t e  
(1) 
where 6 i s  t h e  l a t e r a l  s h i f t  o f  t h e  c e n t e r l i n e  and 0 . 2 6  i s  
t h e  approximate v e r t i c a l  s inkage  due t o  t h e  co rne r ing  a c t i o n ,  
see re f .  [ 3 ] .  
Y Y 
Due t o  t h e  k inemat ics  of t h e  l a t e ra l  deformat ion ,  p o i n t s  
C and CR only  move a f r a c t i o n  of  t h e  l a t e ra l  s h i f t  6 . Thus 
t h e  a b s c i s s a  of CL and CR are:  
Y L 
where O<,n<l.  
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I t  has  a l so  been observed from s l o w - r o l l i n g  a c t i o n  of 
yawed t i r e  models a g a i n s t  a curved drum s u r f a c e  t h a t  e x t r a  
mater ia l  a p p e a r s  t o  " r o l l "  i n t o  t h e  outboard  s i d e  w h i l e  
mater ia l  a p p e a r s  t o  " r o l l "  o u t  of t h e  inboard  s i d e .  Thus t h e  
s i d e w a l l  arcs are: 
OLCL = OLAL - 
ORCR = 0 A + q6 
R R  Y 
The d e t e r m i n a t i o n  of X and YB i n  e q u a t i o n s  (1) and ( 2 )  B 
f o l l o w  t h e  s a m e  d e t a i l s  o u t l i n e d  i n  r e f .  [l]. There fo re  t o  
de te rmine  t h e  c o o r d i n a t e s  of  CL and CR on ly  r e q u i r e s  t h e  
c a l c u l a t i o n  of 6 and a n  e v a l u a t i o n  of q. A v a l u e  of  q = 0 . 5  
w a s  used  i n  t h e  c a l c u l a t i o n s  of t h i s  r e p o r t .  The l a t e r a l  
d e f l e c t i o n  o f  t h e  c e n t e r  of c o n t a c t ,  6 i s  ana lyzed  by u s i n g  
a s t r i n g - t y p e  model d i s c u s s e d  below. 
Y 
Y '  
The l a t e r a l  motion of t h e  t i r e  c e n t e r l i n e  i s  determined by 
t a k i n g  a u n i t  wid th  of t r e a d  a t  a s l i p  ang le  a ,  f r i c t i o n  
c o e f f i c i e n t  p, and c o n t a c t  p r e s s u r e  p(x,O) i n  t h e  c o n t a c t  p a t c h ,  
as shown i n  F i g u r e  3 .  I t  i s  assumed t h a t  t h e  t i r e  does n o t  s l i p  
w i t h  r e s p e c t  t o  t h e  ground p l a n e  u n t i l  t h e  p o i n t  x1 i s  reached .  
A t  x1 t h e  e las t ic  f o r c e s  of t h e  t i r e  overcome t h e  r e t a r d -  
i n g  f r i c t i o n a l  f o r c e s  and from A t o  B t h e  t i r e  s l i p s  back t o  
t h e  wheel p l a n e ,  r each ing  i t s  equ i l ib r ium p o s i t i o n  a t  t h e  end 
of t h e  c o n t a c t  p a t c h  where x = 2 .  Thus 6 is  r e p r e s e n t e d  by 
Y 
t h e  v a l u e  o f  y a t  xl. 
I t  i s  assumed t h a t  t h e  p r e s s u r e  d i s t r i b u t i o n  i s  s i n u s o i d a l :  
Fig .  3 .  I d e a l i z e d  s l i p  p a t h  of c o n t a c t  p a t c h  c e n t e r l i n e .  
A 
250 - 
>< 
v 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
end of contact x = ~  
I I I I ,\ I ,  start of contact 
10 12 14 16 18 0 2 4 6 8 
Distance along patch x , in. 
Fig. 4 .  P r e d i c t e d  p r e s s u r e  d i s t r i b u t i o n  from equa t ion  ( 4 )  
f o r  a 40x14/22 PR a i r c r a f t  t i r e  w i t h  a n  i n f l a t i o n  
p r e s s u r e  of 1 7 5  p s i  and a v e r t i c a l  d e f l e c t i o n  of 
2 .66  i n .  
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7TX 37Tx [sin(-)-Bsin(----) 3 7Tp0 Pav(X) = 
2 ( 1-5) B R R 
( 4 )  
where P = i n f l a t i o n  p r e s s u r e ,  f3= - 0 . 2 5 ,  and 
0 
R= 2[0.85 JGZdo - 6; ] , from r e f . [ 3 ] .  
A t y p i c a l  p r e s s u r e  d i s t r i b u t i o n  p r e d i c t e d  f r o m  e q u a t i o n  
( 4 )  f o r  a 40x14/22 P R  a i r c r a f t  t i r e  is  shown i n  F i g u r e  4 .  
Using a s t r i n g  model f o r  t h e  tire 
TQ - Ky = q(X) 
dx 
(5) 
where q(X) = t a n g e n t i a l  s h e a r  s t r e s s  = pPav(X)  
K = founda t ion  s t i f f n e s s  per u n i t  l e n g t h ,  l b / i n / i n  
T = s t r i n g  t e n s i o n ,  l b s .  
I n  t h e  r e g i o n  O<X<X1 
Y = -X t a n  a (6) 
The l i m i t i n g  c o n d i t i o n  i s  reached when ( i f  t h e  c u r v a t u r e  
-0) - K y l  = u p ( x ) ,  or  us ing  eq.  ( 4 )  and (6) 
37Tx1 
1 1  [sin(-) - Bsin(- 
u rP0  7Tx1 z-mm R R Kxltana = 
Equat ion  ( 7 )  can be used t o  solve f o r  X1 and u s i n g  eq .  (6) , 
6 = X1 t ana  Y 
(7) 
The necessa ry  geometry c a l c u l a t i o n s  can now be  completed 
i n  eqs .  (l), ( 2 ) ,  and ( 3 ) ,  and from t h e s e  r e s u l t s ,  and t h e  
a n a l y s i s  developed i n  ref. [l], c a l c u l a t i o n s  can  be  completed 
f o r  t h e  h e a t  g e n e r a t e d  from c y c l i c  s t r e s s  changes.  However, 
s i n c e  t h e  geometry of  deformat ion  i s  no longe r  symmetr ical ,  t h i s  
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a n a l y s i s  w i l l  need t o  be used s e p a r a t e l y  f o r  t h e  inboard  and 
outboard r e g i o n s  of t h e  t i r e .  
The s t r i n g  model i l l u s t r a t e d  i n  F i g u r e  3 can  also be used 
t o  c a l c u l a t e  t h e  h e a t  gene ra t ed  between t h e  runway and t h e  
t i r e  due t o  t h e  p h y s i c a l  s l i d i n g  of t h e  t r e a d  rubber  a g a i n s t  
t h e  runway. 
Again r e f e r r i n g  t o  F igure  3 ,  f o r  x>xl t h e  e q u a t i o n  governing 
y i s :  
n 
K X  3KX 
R R T fi - Ky = c s i n  (-1 + D s i n  (-1 dX2 
where 
U K P 0  
c =  and D =-BC 2(1-8/3) 
The s o l u t i o n  t o  ( 9 )  is: 
- D s i n  1 
D - C 
K + E  
- 
2 9~ T 2 ' D1- 
R 2  R 2  
2 where = E  
K + -  
T' 
3TX (-1 R 
Equat ion (10) i s  s u b j e c t  t o  t h e  boundary c o n d i t i o n s :  
Y (x1) = -X1 t a n a  
Y ( R )  = 0 
Using eqs. (11) and ( 1 2 )  i n  Eq. (10) gives :  
C s i r -  1 B =  
h (2R-x1) 
- e  
Ax1 
e 
2 h R  B e  
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The scrubbing  work i s  t h e  p r o d u c t  of t h e  t a n g e n t i a l  p r e s s u r e  
and s l i p  d i s t a n c e  a t  each location, i . e . ,  
w = fs d Y  
R e c a l l i n g  t h a t  q = pp(x )  = C s in ( - )+  ITX D s i n ( T ) ,  3 I X and R 
u s i n g  eq.  (10). 
S u b s t i t u t i n g  eq. ( 1 6 )  i n t o  eq.  (15) and i n t e g r a t i n g  over  
t h a t  p o r t i o n  of t h e  p a t c h  l e n g t h  where s l i p p i n g  t a k e s  p l a c e ,  
i . e . ,  from x t o  R g i v e s :  1 
8 
w = c  W I  
1=1 
where 
R 2  
31tx 
cos (7 eXX1] 1 3Tr 
3ITx 
R 
X BD 3Tr X R  w4 = - 9 1 T 2 [ ( ~ ) e  -(Xsin(-)-(T) 
(A +j+ 
-clc [ c o d 7  2TXl) - 1 1  w5 = 4 
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-DC1 2TXl 4 T X l  
) +  cos(-)-31 R W6 = -22 COS(- 8 R ( 2 3 )  
4rrx 
R + cos (- I) + 1 1  
1 -3CD1 2TX [ -2  cos(-- w7 = - R 8 
-D D1 6 1 ~ x  
[ c o s  (2) - 1 3  R W8 = - 4 
The work W due t o  f r i c t i o n a l  s l i d i n g  i n  eq .  ( 1 7 )  i s  
assumed t o  be d i s t r i b u t e d  uni formly  ove r  t h e  o u t e r  s u r f a c e  
tread e l emen t s .  For each  u n i t  of t r e a d  e lement  s u r f a c e  
area, the  r a t e  of h e a t  g e n e r a t i o n  i s  g i v e n  by, (see r e f .  1) 
4 = .01 u v o / ( r o  - 6z/3) ( 2 6 )  
where U = W / t ,  v = forward speed,  t = t h i c k n e s s  of o u t s i d e  
e lement .  
0 
The e v a l u a t i o n  of 4 r e p r e s e n t s  t h e  h e a t  gene ra t ed  due t o  
t h e  p h y s i c a l  s l i d i n g  of t h e  t i r e  a g a i n s t  t h e  runway s u r f a c e .  
However, t h i s  q u a n t i t y  s t i l l  r e q u i r e s  t h e  c a l c u l a t i o n  of  
K and A .  
From re f .  [ 3 1 ,  e q u a t i o n  (33)  , t h e  l a t e r a l  s p r i n g  rate of 
t h e  whole t i r e  i s  g iven  by: 
K =  
Y 2 w(p + 
0 .24  pr) (1 - 2 
6 
. 7  -) w 
where w = wid th  of c r o s s - s e c t i o n ,  6 2  = v e r t i c a l  d e f l e c t i o n ,  
= r a t e d  i n f l a t i o n  p r e s s u r e .  P r  
I n  t e r m s  of s t r i n g  t h e o r y  t h i s  i s  o b t a i n e d  by d i s p l a c i n g  
t h e  c o n t a c t  p a t c h  of l e n g t h  R th rough a la te ra l  d i sp lacemen t  6 
u s ing  a f o r c e  F see F i g u r e  5. Using one-half  of t h e  t o t a l  t i r e ,  
Y' 
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Fyi2 
Fig .  5 .  I l l u s t r a t i o n  of d i s p l a c i n g  c o n t a c t  p a t c h  through 
a l a t e ra l  displacement  i n  t e r m s  of s t r i n g  theo ry .  
80 
W 
Ib4n 
60 
40 
2c 
0 1 2 3 4 5  0 1 2 3 4 5  
Yaw a n g l e ,  deg rees  Y a w  a n g l e ,  d e g r e e s  
20 
18 
16 
WS 14 
Ib-in. 12 
in3 
10 
8 
6 
4 
2 
Fig .  6 .  V a r i a t i o n  of scrubbing energy  and c y c l i c  shea r  
stress energy loss wi th  yaw a n g l e .  
-14- 
and not ing  t h a t  a t  p o i n t  A t h e  s t r i n g  i s  f r e e  of l o a d s  so t h a t  
2 
dx" 
T d y - K y = O  
The s o l u t i o n  to  t h e  s t r i n g  e q u a t i o n  becomes 
Therefore ,  
6R dY B R  9 = K - + T (ax) 2 2 = K - + TX6, and 2 x=o 
K = + KR+2TX = K R + 2 =  Y 6 
Also from r e f .  [ 3 ] ,  X i s  measured i n  t e r m s  of t h e  
l a t e ra l  r e l a x a t i o n  l e n g t h  so t h a t  
= 1 / A  and L /2w -0 .6  
LS S 
(29) 
Thus 
X = 1/1.2w 
2 2 However, s i n c e  h = K D ,  T=1.44 w K .  S u b s t i t u t i n g  i n t o  
eq.  (28) and s o l v i n g  f o r  K g i v e s  
Ky 
R+2.4 w K =  
Thus  from eqs .  ( 2 7 )  and ( 3 0 )  K c a n  be c a l c u l a t e d  f r o m  
g i v e n  geometry and o p e r a t i n g  c o n d i t i o n s .  
The f i n a l  c o n t r i b u t i o n  t o  t h e  h e a t  g e n e r a t e d  due t o  co rne r -  
i n g  comes from t h e  t r e a d  e lements  undergoing c y c l i c  s h e a r  forces. 
Refer r ing  t o  F i g u r e  1, each  t r e a d  e lement  e x p e r i e n c e s  no s h e a r  
-15- 
stress a t  p o s i t i o n  A and i s  sub jec t ed  t o  t h e  maximum t a n g e n t i a l  
s h e a r  stress a v a i l a b l e  on t h e  road  s u r f a c e  when i t  s l i d e s  la teral-  
l y .  Thus t h e  c y c l i c  change i n  shear  stress is  
T = 1 - I  max 
From r e f .  [l], t h e  s t r a i n  energy per u n i t  t r e a d  volume i s  
T h i s  g i v e s  t h e  h y s t e r e t i c  loss p e r  u n i t  t r e a d  volume as  
Ws = U.tan6 (32)  
T h i s  loss i s  assumed t o  be uniformly d i s t r i b u t e d  throughout  
t h e  t r e a d  elements  l y i n g  on t h e  su r face .  
I l l u s t r a t i o n s  of  t h e  v a r i a t i o n  of t h e  h y s t e r e t i c  loss due 
t o  c y c l i c  s h e a r  stresses i n  eq. (32) and t h e  scrubbing  work i n  
I eq.  (17) w i t h  yaw a n g l e  are shown i n  F i g u r e  6 f o r  a 4Ox14/22PR 
a i r c r a f t  t i r e .  
-16- 
TEST PROGRAM 
A tes t  program w a s  conducted t o  p rov ide  d a t a  on t h e  tempera- 
t u r e  d i s t r i b u t i o n  i n  a n  a i r c r a f t  t i r e  dur ing  c o r n e r i n g  o p e r a t i o n s .  
The r e s u l t s  of  t h e s e  tests provided bo th  i n s i g h t  i n t o  t h e  g e n e r a l  
phenomena a s s o c i a t e d  wi th  a yawed r o l l i n g  t i r e  as  w e l l  a s  a g r e a t  
d e a l  of d a t a  which could  be used t o  e v a l u a t e  t h e  v a l i d i t y  of 
t h e  a n a l y t i c a l  model d e s c r i b e d  above. 
A 40x14/22 PR a i r c r a f t  t i r e  w a s  used i n  t h i s  test  program. 
The t i r e  w a s  ins t rumented  wi th  a n  e x t e n s i v e  set  of thermocouples.  
The  i n s t a l l a t i o n  of t h e  thermocouples w a s  begun by c a r e f u l l y  
l a y i n g  o u t  t h e  d e s i r e d  l o c a t i o n s  on t h e  s u r f a c e  of t h e  t i re .  A 
t y p i c a l  set of such l o c a t i o n s  is  i l l u s t r a t e d  i n  F i g u r e  7 .  I t  
can  be s e e n  i n  t h i s  f i g u r e  t h a t  a thorough p i c t u r e  of  t h e  
temperature  d i s t r i b u t i o n  can  be o b t a i n e d  wi th  t h e s e  l o c a t i o n s ,  
bo th  through t h e  t h i c k n e s s  of t h e  carcass as  w e l l  as  around t h e  
meridian of t h e  c r o s s - s e c t i o n .  
Following t h e  l a y o u t ,  s m a l l  h o l e s  w e r e  d r i l l e d  i n  t h e  t i r e  
f o r  implant ing  a l l  i n t e r i o r  thermocouples .  The t i res  w e r e  t h e n  
t r a n s f e r r e d  t o  a commercial r e t r e a d e r  where t h e  t r e a d  w a s  bu f fed  
o f f  and t h e  thermocouples i n  t h e  t r e a d  r e g i o n  i n s t a l l e d  j u s t  
p r i o r  to  r e t r e a d i n g .  A f t e r  t h e  r e t r e a d i n g  p r o c e s s ,  t h e  t ires 
w e r e  r e t u r n e d  t o  t h e  l a b o r a t o r y  where a l l  remaining thermocouples 
w e r e  i n s e r t e d  i n  t h e i r  p roper  l o c a t i o n s  and s e a l e d  wi th  a h o t  
p a t c h  process. 
The  t e s t  t i r e  w a s  tested on t h e  automated 120-inch d i ame te r  
dynamometer a t  t h e  A i r  Force F l i g h t  Dynamics Labora tory ,  Wright- 
-17- 
F i g .  7. Loca t ion  of thermocouples i n  40x14, 2 2  PR t es t  
t i r e  used i n  yawed r o l l i n g  thermal  s tudy .  
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P a t t e r s o n  A i r  Force B a s e .  T h i s  dynamometer f e a t u r e s  a c a n t i l e v e r -  
ed wheel mounting f i x t u r e  which i s  h y d r a u l i c a l l y  loaded a g a i n s t  
t h e  d r iven  dynamometer wheel. The r a d i a l  load  on t h e  t i re  i s  
measured by s t r a i n  gage beams i n  t h e  mounting f i x t u r e .  The 
thermocouple s i g n a l s  are  c o l l e c t e d  through s l i p  r i n g s  i n  an  
e x t e r i o r  d a t a  logge r .  
The tests w e r e  conducted under a v a r i e t y  of  i n f l a t i o n  
p r e s s u r e s ,  v e r t i c a l  l oads ,  v e r t i c a l  d e f l e c t i o n s ,  and yaw a n g l e s .  
These  c o n d i t i o n s  are l i s t e d  i n  Table  1. 
Measured tempera ture  p r o f i l e s  a r e  shown i n  F i g u r e s  8-18. 
These  a r e  composite p l o t s  of a l l  of t h e  measured tempera ture  
v a l u e s  i n  t h e  t e s t  program, as a f u n c t i o n  of t i m e ,  f o r  a speed 
of twenty m i l e s  p e r  hour and a t  v a r i o u s  o p e r a t i n g  c o n d i t i o n s .  
The o r d i n a t e  of  t h e s e  p l o t s  i s  t h e  t empera tu re  rise above t h e  
i n i t i a l  temperature  v a l u e  and t h e  a b s c i s s a  i s  t i m e .  These 
f i g u r e s  c o n s i s t  of a set  of p l o t s ,  each of which r e p r e s e n t s  one 
of t h e  thermocouple l o c a t i o n s  noted  i n  F i g u r e  7.  I n  g e n e r a l  
i t  is  observed t h a t  t h e  i n s i d e  s u r f a c e  t empera tu res  are h i g h e s t  
o u t s i d e  of t h e  contact  r e g i o n ,  w h i l e  i n  t h e  c o n t a c t  r e g i o n  t h e  
mid- l ine  and o u t s i d e  tempera tures  are g e n e r a l l y  h i g h e r  t h a n  t h e  
i n s i d e  o n e s .  
A c a r e f u l  examinat ion of F igu re  1 2  and 17 ,  and 1 3  and 14 
a t  l o c a t i o n  CC leads t o  a n o t h e r  i n t e r e s t i n g  o b s e r v a t i o n ,  as w e l l  
as  provid ing  some v a l i d i t y  t o  t h e  assumed n a t u r e  of t h e  c o n t a c t  
geometry d i scussed  above. F r o m  F i g u r e  7 it can be seen  t h a t  
l o c a t i o n  CC i s  nea r  t h e  edge of c o n t a c t  fo r  t h e  d e f l e c t i o n s  
involved  i n  t h e s e  f o u r  tests. However, i n  F i g u r e s  1 2  and 1 3  t h e  
-19- 
Tab le  1 
Load 
lbs .  
9900 
14700 
17850 
17850 
17850 
14700 
14700 
9900 
9900 
17850 
25000 
Opera t ing  Condi t ions  - Y a w  T e s t s  40x14, 22PR 
D e f l e c t i o n  D e f l e c t i o n  P res su re  Yaw Angle Speed 
i n .  % p s i  deg . MPH 
-c1_ 
1.97 
2.63 
2.66 
2.66 
2.66 
2.63 
2.63 
1.97 
1.97 
2.66 
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49 
75 
76 
76 
76 
75 
75 
49 
49 
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14 0 
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t empera tu re  d i s t r i b u t i o n  resembles t h a t  which t a k e s  p l a c e  i n  
t h o s e  r e g i o n s  o u t  of c o n t a c t ,  e s p e c i a l l y  towards t h e  i n s i d e  
s u r f a c e .  T h i s  i s  a clear i n d i c a t i o n  t h a t  t h e  ou tboa rd  shou lde r  
i s  be ing  deformed o u t  of c o n t a c t  during yawed r o l l i n g .  On t h e  
o t h e r  hand, from F i g u r e s  1 4  and 1 7  i t  i s  noted  t h a t  t h e  tempera- 
t u r e  d i s t r i b u t i o n  i n  l o c a t i o n  CC is  very s i m i l a r  i n  n a t u r e  t o  
t h a t  which o c c u r s  i n  t h e  c o n t a c t  region. T h i s  i s  an  i n d i c a t i o n  
t h a t  d u r i n g  yawed r o l l i n g  t h e  inboard shou lde r  i s  be ing  deformed 
i n t o  t h e  c o n t a c t  r e g i o n .  The r e s u l t s  i n  F i g u r e  1 5  and 1 6 ,  
which a l so  p l o t  measurements from t h e  inboard  and outboard  s i d e s  
f o r  t h e  same o p e r a t i n g  c o n d i t i o n s ,  i n d i c a t e  t h a t  l o c a t i o n  CC i s  
o u t  of c o n t a c t .  T h i s  w a s  indeed t h e  case ,  s i n c e  t h e  v e r t i c a l  
d e f l e c t i o n  w a s  smaller f o r  t h e s e  tests. 
The n e x t  se t  of F igu res ,  19-26, p r e s e n t  t es t  d a t a  a t  a f i x e d  
t i m e  t o  show t h e  e f f e c t  of f o u r  o p e r a t i n g  pa rame te r s ,  namely 
t i r e  d e f l e c t i o n ,  t i r e  i n f l a t i o n  p res su re ,  yaw a n g l e ,  and d i r e c t i o n  
of c o r n e r i n g .  
The e f f e c t  of d e f l e c t i o n  on tempera ture  d i s t r i b u t i o n  i n  t h e  
t i r e  carcass f o r  bo th  t h e  outboard  and inboa rd  s i d e s  i s  i l l u s t r a t -  
ed  i n  F i g u r e s  1 9  and 2 0 .  The o r d i n a t e  i n  t h e s e  p l o t s  a g a i n  
r e p r e s e n t  t h e  tempera ture  r ise above t h e  i n i t i a l  t empera ture .  
The a b s c i s s a  r e p r e s e n t s  t h e  mer id i ana l  l o c a t i o n  of t h e  thermo- 
couples .  All of t h e  data  r e p r e s e n t s  t h e  measured tempera ture  rise 
a f t e r  1 5 0  seconds a t  20 m i l e s  p e r  hour. As expec ted ,  t h e  h i g h e s t  
t empera tu res  occur  w i t h  t h e  h ighe r  d e f l e c t i o n s ,  bo th  on t h e  
inboard  and ou tboa rd  s i d e s  of t h e  t i r e .  The d i f f e r e n c e s  i n  
t empera tu re  rise f o r  t h e  t w o  d e f l e c t i o n s  appear  l a r g e r  on t h e  
i n s i d e  and mid- l ine  than  they  do near  t h e  o u t s i d e  s u r f a c e .  
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The e f f e c t  of p r e s s u r e  on tempera ture  d i s t r i b u t i o n  i n  t h e  
t i r e  c a r c a s s  f o r  bo th  t h e  outboard  and inboard  s i d e s  is  
i l l u s t r a t e d  i n  F i g u r e s  2 1  and 22 .  Again t h e s e  p l o t s  are  temp- 
e r a t u r e  rise a f t e r  150  seconds a t  20 m i l e s  p e r  hour .  As can be  
seen ,  t h e  tempera ture  d i s t r i b u t i o n  i s  n o t  a f f e c t e d  a p p r e c i a b l y  
by t h e  d i f f e r e n t  i n i t i a l  i n f l a t i o n  p r e s s u r e s  r e p o r t e d  h e r e .  
The e f f e c t  of yaw a n g l e  on t empera tu re  d i s t r i b u t i o n  i n  t h e  
t i r e  c a r c a s s  i s  i l l u s t r a t e d  i n  F i g u r e  23 .  Again t h e s e  p l o t s  
are  tempera ture  r ise around t h e  mer id i an  a f t e r  150  seconds a t  
20  m i l e s  p e r  hour.  A s  expec ted ,  t h e  t empera tu re  rise i s  l a r g e s t  
f o r  l a r g e r  yaw a n g l e s .  However, t h i s  i s  much m o r e  pronounced i n  
t h e  c o n t a c t  r e g i o n  than  it is  o u t  of c o n t a c t .  T h i s  i s  e s p e c i a l l y  
t r u e  of those e l e m e n t s  from t h e  mid-surface t o  t h e  o u t s i d e  
s u r f a c e  of t h e  t r e a d .  
The d i f f e r e n c e  i n  tempera ture  d i s t r i b u t i o n  f o r  t h e  inboard  
and outboard s i d e s  of t h e  t i r e  is  i l l u s t r a t e d  i n  F i g u r e s  24-26.  
A s  expected,  t h e  d i s t r i b u t i o n s  are n o t  symmetr ical  abou t  t h e  
c e n t e r  of c o n t a c t .  Also it is  clear t h a t  t h e  n a t u r e  of t h e  
d i s t r i b u t i o n  v a r i e s  through t h e  t h i c k n e s s  a s  w e l l  as around t h e  
mer id ian .  However, i n  g e n e r a l ,  e x c e p t  f o r  t h e  o u t s i d e  e lements  
i n  t h e  contact r eg ion ,  t h e  inboard  t empera tu re  rises are less 
t h a n  t h e  corresponding outboard  ones .  
-41- 
COMPARISON OF ANALYSIS W I T H  EXPERIMENT 
With t h e  above expe r imen ta l  d a t a  a v a i l a b l e  comparisons can 
be  made between t h e  c a l c u l a t i o n  of temperature  d i s t r i b u t i o n s  i n  
t h e  t i r e  and measured d a t a .  I n  o rde r  t o  c a r r y  o u t  t h e  computa- 
t i o n s  a p p r o p r i a t e  material  c h a r a c t e r i s t i c s  and geomet r i e s  must 
be a s s i g n e d  t o  t h e  t i re .  These d a t a  were provided  from a c t u a l  
measurements as w e l l  a s  from v a r i o u s  l i t e r a t u r e  s o u r c e s ,  as 
o u t l i n e d  i n  ref .  [l] . 
Using a t i m e  increment  of t=10 seconds,  and u s i n g  t h e  
a p p r o p r i a t e  mater ia l  p r o p e r t i e s  and geometries, computat ions w e r e  
c a r r i e d  o u t  f o r  t h e  t empera tu re  i n  t h e  t i r e  under o p e r a t i n g  
c o n d i t i o n s  l i s t e d  i n  Table  1. Some t y p i c a l  comparisons between 
c a l c u l a t i o n s  and experiment  are shown i n  F i g u r e s  27-35. 
Many comparisons w e r e  made of complete t empera tu re  p r o f i l e s ,  
as i l l u s t r a t e d  i n  F i g u r e  27 ,  where a l l  of t h e  m e r i d i a n a l  and 
t h i c k n e s s  l o c a t i o n s  are compared s imul taneous ly  f o r  one of t h e  
tes t  c o n d i t i o n s  l i s t e d  i n  Table  1. A s  can be seen ,  t h e  compari- 
sons  are reasonab ly  good. Th i s  i s  only one t y p i c a l  time-tempera- 
t u r e  p r o f i l e  p l o t  of t h e  e l e v e n  p o s s i b l e  such p l o t s  t h a t  could  
be  g e n e r a t e d  f r o m  t h e  t es t  d a t a  i l l u s t r a t e d  i n  F i g u r e s  8-18. 
However, each  of  t h e  o t h e r  t e n  p l o t s  showed s i m i l a r  p a t t e r n s  
so t h a t  t h e  major t r e n d s  of temperature  r ise f o r  yawed r o l l i n g  
can  be c a l c u l a t e d  adequa te ly  f o r  s h o r t  t e r m  t a x i - t a k e o f f  
c o n d i t i o n s  w i t h  t h e  a n a l y t i c a l  model p re sen ted  he re .  
T o  conclude t h e  comparison of a n a l y s i s  w i t h  exper iment  f o u r  
a d d i t i o n a l  sets of p l o t s  are presented i n  F i g u r e s  28-35. These 
p l o t s  s e r v e  t w o  purposes .  F i r s t  they i l l u s t r a t e  t y p i c a l  
-42 -  
n - 
0 
Q 
I 
n 
z 
0 
w 
W 
v> 
n 
Q 
3 a > 
m 
0 
+ 
0 s 
= 0 
0 
In 
0 
0 z 
0 = 
0 
In 
0 
0 s 
0 = 
0 
In 
0 
z r  
I- 
O 
52 -
0 
0 
In 
0 
0 s 
= 0 
a 
In 
0 
0 s 
0 = 
0 
In 
0 
III 
a, 
rl 
.rl 
ll-! 
0 
k a 
a, 
k 
5 
c, 
m 
k 
a, a 
4 
a, 
k 
-4 
4J 
i3 
a 
a, 
-LJ 
m 
rl 
7 
u 
rl 
ld 
u 
a c 
rd 
a 
a, 
k 
8 = 1.97 in. 
Z 70 
60 
50 
40 
30 
20 
10 
0 
0 70 
60 
E 50 
& 40 
30 
LL 
- 
3 
5 20 
g 10 
P o  
INNER 
SURFACE 
MID 
SU R FAC E 
70z 60 
OUTER 
SUR FACE 
0- 50 100 150 
Bz = 2.63 in. 
TIME, SEC. TIME, SEC. 
Fig .  28 .  Comparison of expe r imen ta l  and c a l c u l a t e d  tempera ture  
i n  t h e  c o n t a c t  r e g i o n  fo r  yawed r o l l i n g  for  two 
d i f f e r e n t  d e f l e c t i o n s .  
a = + 3 0 ,  V = 2 0  MPH. 
40x14/22 PR, Po = 1 4 0  p s i ,  
-44-  
LL 
0 
" 
W 
v) -a 
W a 
3 
a 
W a. 
2 
W 
I- 
G 
8 = 2.63in. 
2 BZ= 1.97in. 
70 
60 
50 
40 
30 
20 
10 INNER 
SURFACE 
70 
60 
50 
40 
30 
20 
10 
0 
MID 
SURFACE 
70 
60 
50 
40 
OUTER 
SURFACE n 
"0 50 I O 0  
TIME ,SEC. 
150 0 100 50 
TIME, SEC. 
I50 
Fig .  2 9 .  Comparison of expe r imen ta l  and c a l c u l a t e d  t empera tu re  
i n  upper s i d e w a l l  r e g i o n  f o r  yawed r o l l i n g  f o r  t w o  
d i f f e r e n t  d e f l e c t i o n s .  40x14/22 P R ,  Po = 1 4 0  p s i ,  
a = + 3 O ,  V = 2 0  MPH. 
70 
60 
50 
40 
30 
20 
10 
0 
70 
$ 40 
3 k 30 
5 20 
n 
2 10 
70 
60 
50 
40 
30 
20 
10 
0 
P,= 140 psi 
Q 
i 
/ /. 
INNER 
SURFACE 
MID 
SURFACE 
OUTER 
SURFACE 
0 50 100 150 
TIME ,SEC. 
pO= 175 psi 
6 
0 50 400 150 
TIME, SEC. 
Fig. 30. Comparison of experimental and calculated temperature 
in contact region for yawed rolling for two different 
pressures. 40x14/22 PR, 6 =  = 2.66, a = + 3 O ,  V = 20 MPH. 
- 4 6 -  
50 
40 
30 
20 
io 
0 
IL 60 
0 
wn 50 
Cn 
E 40 
W 
I- 
5 30 
w 
+ o  
F i g .  
60 
50 
40 
30 
20 
10 
0 
31 
P,= 140 psi 
I 
\ / 
INNER 
SURFACE 
/ 
t 
\ / 
OUTER 
SURFACE 
a\ / 
50 io0 i 50 0 50 100 150 
TIME, SEC. TIME, SEC. 
Comparison of expe r imen ta l  and c a l c u l a t e d  t e n p e r a t u r e  
i n  upper s i d e w a l l  r e g i o n  f o r  yawed r o l l i n g  f o r  t w o  
d i f f e r e n t  p r e s s u r e s .  
c1 = + 3 O ,  V = 2 0  M P H .  
40xl4/22 P R ,  6 z  = 2 . 6 6  i n . ,  
- 4 7 -  
YAW ANGLE = 3O 
70 
60 
50 
40 
30 
20 
IO 
0 
& 70 
6 60 
50 
40 
$30 
z 10 
v) 
3 
w 20 a 
P O  
YAW ANGLE = 1.5’ 
INNER 
SURFACE 
\ / 
MID 
SURFACE 
CJ/ 
70 
60 
50 
40 
30 
20 
10 
0 
/ 
/ 
\ 
OUTER 
SURFACE 
0 50 100 150 0 50 100 150 
TIME,SEC. TIME, SEC. 
a 
Fig .  3 2 .  Comparison of exper imenta l  and ca l c l i l a t ed  tempera ture  
i n  t h e  c o n t a c t  r e g i o n  f o r  yawed r o l l i n g  under t w o  
d i f f e r e n t  steer a n g l e s .  
6 = 2 . 6 6  i n . ,  V = 2 0  MPH. 
4 0 x 1 4 / 2 2  PR, Po = 1 7 5  p s i ,  
z 
-48 -  
YAW ANGLE =1.5' 
60 50z 
INNER 
SURFACE 
YAW ANGLE = 3'
3 
70 
6 60 
E 50 
E 40 
$ 30 
!ik i o  MID 
v, 
3 
5 20 
E o  SURFACE 
70 
60 
50 
40 
30 
20 
- 
\. i 
OUTER 
SURFACE 
-0 50 100 150 
TI M E , SEC . 
0 50 i 00 i 50 
TIME, SEC. 
Fig .  3 3 .  Comparison of expe r imen ta l  and c a l c u l a t e d  t empera tu re  
i n  t h e  upper s i d e w a l l  r e g i o n  f o r  yawed r o l l i n g  a t  t w o  
d i f f e r e n t  yaw a n g l e s .  
V = 2 0  MPH. 
p0 = 1 7 5  p s i ,  d Z  = 2.66  i n . ,  
-49- 
50 
40 
30 
20 
to 
0 
30 
3 
I- $ 20 
W 
n i o  z 
w 
+ o  
-3' YAW - INBOARD 
B
-50-  
INNER 
SURFACE 
MID 
SURFACE 
+ P YAW - OUTBOARD 
Rpi 
Ca I cula ted 
F i g .  3 
60 
50 
40 
30 
20 
40 
0 
OUTER 
SURFACE 
0 50 100 150 0 50 100 150 
TIME, SEC. TIME, SEC. 
5.  Comparison of  expe r imen ta l  and c a l c u l a t e d  t empera tu re  
i n  upper s i d e w a l l  r e g i o n  f o r  yawed r o l l i n g  f o r  p l u s  
and minus 3O yaw. 40x14/22 P R ,  6 z  = 2.63 i n . ,  
1 4 0  p s i ,  V = 20 MPH. 
- 
- 
-51- 
comparisons of i n d i v i d u a l  l o c a t i o n s  i n  t h e  carcass 
f o r  v a r i o u s  o p e r a t i n g  c o n d i t i o n s .  Secondly, t h e y  i l l u s t r a t e ,  
a s  a f u n c t i o n  of t i m e ,  t h e  e f f e c t  of the  f o u r  o p e r a t i n g  
pa rame te r s ,  t i r e  d e f l e c t i o n ,  t i r e  i n f l a t i o n  p r e s s u r e ,  yaw a n g l e ,  
and d i r e c t i o n  of c o r n e r i n g  on t h e  tempera ture  d i s t r i b u t i o n  f o r  
a f i x e d  t i m e .  
T y p i c a l  comparisons of exper imenta l  and c a l c u l a t e d  tempera- 
t u r e  changes i n  t h e  c o n t a c t  and upper s i d e w a l l  r e g i o n s  of  t h e  
t i r e  dur ing  yawed r o l l i n g  are shown i n  F i g u r e s  28 and 29 for  
t w o  d i f f e r e n t  v e r t i c a l  d e f l e c t i o n s .  A s  i s  observed  from t h e s e  
f i g u r e s ,  t h e  t empera tu re  change p r e d i c t e d  from t h e  a n a l y t i c a l  
model i s  i n  good agreement w i t h  t h e  a c t u a l  measurements. T h i s  
i s  t r u e  f o r  b o t h  t h e  i n s i d e  and o u t s i d e  p o r t i o n  of t h e  t i r e  as  
w e l l  a s  i n  t h e  r e g i o n  o u t  of  c o n t a c t .  
A s i m i l a r  comparison f o r  t w o  d i f f e r e n t  p r e s s u r e s  i s  shown 
i n  F i g u r e s  30 and 31. Again t h e  c a l c u l a t e d  r e s u l t s  a g r e e  w i t h  
t h e  g e n e r a l  t r e n d s  a l though  t h e  o v e r a l l  comparisons wi th  e x p e r i -  
ment are  n o t  as good as  they  w e r e  f o r  v a r i a b l e  d e f l e c t i o n .  Th i s  
i s  e s p e c i a l l y  t r u e  i n  t h e  upper s idewa l l  r e g i o n  where t h e  
c a l c u l a t i o n s  are  c o n s i s t e n t l y  high.  
Another such comparison f o r  t w o  d i f f e r e n t  yaw a n g l e s  i s  
i l l u s t r a t e d  i n  F i g u r e s  3 2  and 3 3 .  Once a g a i n  i t  can  be observed 
t h a t  t h e  g e n e r a l  t r e n d s  are rep resen ted  by t h e  a n a l y t i c a l  model. 
F i n a l l y ,  i n  F i g u r e s  34 and 35, t h e r e  i s  a s i m i l a r  comparison 
f o r  b o t h  t h e  inboard  and outboard  sides of t h e  t i r e .  Again t h e  
g e n e r a l  t r e n d s  have been p r e d i c t e d  c o r r e c t l y  b u t  t h e  o v e r a l l  
c o r r e l a t i o n s  are n o t  a s  good as p rev ious ly .  The p r e d i c t i o n s  
for  t h e  o u t b o a r d  s i d e  of t h e  t i r e  are closer t o  measured v a l u e s  
t h a n  p r e d i c t i o n s  f o r  t h e  inboard  s i d e .  
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CONCLUDING REMARKS 
An a n a l y t i c a l  model has been developed f o r  approximating 
t h e  i n t e r n a l  t empera tu re  d i s t r i b u t i o n  i n  a n  a i r c r a f t  t i r e  
o p e r a t i n g  under c o n d i t i o n s  of yawed r o l l i n g .  The model employs 
a n  assembly of e lements  t o  r e p r e s e n t  t h e  t i r e  c r o s s - s e c t i o n  and 
t reats  the  heat gene ra t ed  w i t h i n  t h e  t i r e  a s  a f u n c t i o n  of t h e  
change i n  s t r a i n  energy  associated w i t h  p r e d i c t e d  t i r e  f l e x u r e .  
S p e c i a l  c o n t a c t  sc rubbing  t e r m s  are superimposed on t h e  symmetri- 
ca l  free r o l l i n g  model t o  account  f o r  t h e  s l i p  d u r i n g  yawed 
r o l l i n g .  
An e x t e n s i v e  expe r imen ta l  program w a s  conducted t o  v e r i f y  
tempera tures  p r e d i c t e d  from t h e  a n a l y t i c a l  model. D a t a  f r o m  
t h i s  program w e r e  compared w i t h  c a l c u l a t i o n  ove r  a range  o f  
o p e r a t i n g  c o n d i t i o n s ,  namely, v e r t i c a l  d e f l e c t i o n ,  i n f l a t i o n  
p r e s s u r e ,  yaw a n g l e  and d i r e c t i o n  of yaw. Genera l ly  t h e  
a n a l y t i c a l  model p r e d i c t e d  o v e r a l l  t r e n d s  w e l l  and c o r r e l a t e d  
reasonably  w e l l  w i th  i n d i v i d u a l  measurements a t  l o c a t i o n s  through- 
o u t  t h e  c r o s s - s e c t i o n .  
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